During the last 15 years, much progress has been made in discovering genes encoding solute transporters of the inner plastid envelope membrane. For example, genes encoding transporters for phosphorylated intermediates, dicarboxylates, adenine nucleotides, inorganic anions, and monosaccharides have been cloned. In many cases, the corresponding proteins have been expressed in recombinant host systems for further functional studies, thus allowing detailed in vitro characterization of transporter properties. Knowledge of the gene sequences encoding these transporters have allowed reverse-genetic approaches to study transporter function in vivo. Antisense repression and T-DNA insertion mutagenesis have provided a range of transgenic and mutant plants in which the activity of speci®c plastid envelope transporters are massively decreased or abolished. Plants with altered transporter activities represent excellent tools to probe the in vivo function of these transporters. Moreover, changing the permeability of the plastid envelope membrane permits the targeted manipulation of subcellular metabolite pools.
Introduction
Plastids are the metabolic factories of plant cells. A range of biosynthetic pathways, such as the light and carbon reactions of photosynthesis, ammonia assimilation, starch biosynthesis, sulphate assimilation, fatty acid biosynthesis, tocopherol biosynthesis, the biosynthesis of terpenoids, and the shikimic acid pathway are exclusively or predominantly localized in plastids. However, plastid metabolism is intertwined with metabolism in the cytosol and precursors, intermediates, and end-products of plastidlocalized biosynthetic pathways need to be exchanged with the surrounding cytosol. This tangled metabolic network requires massive traf®c of solutes across the plastid envelope membrane (Fig. 1) . Two bilayer membranes, the inner and the outer plastid envelope membrane separate the plastid stroma from the cytosol. It is generally accepted that the inner plastid envelope membrane represents the actual permeability barrier between plastid and cytosol, whereas the outer envelope membrane is freely permeable for solutes up to a molecular weight of approximately 10 kDa (Flu Ègge, 2000; Flu Ègge and Benz, 1984; Heldt and Sauer, 1971; Heldt et al., 1972) . However, this view has recently been challenged by the discovery of speci®c, regulated solute pores in the outer envelope membrane (Bo Èlter and Soll, 2001; Soll et al., 2000) .
The study of metabolite transport across the plastid envelope membrane only became possible after reliable methods for the isolation of intact chloroplasts had been established in the early 1960s (Walker, 1964) . Initially, the effect of externally applied solutes on photosynthetic carbon dioxide assimilation and oxygen evolution was studied. Later, the ef¯ux of solutes from chloroplasts was measured (Bassham et al., 1968) . The direct measurement of the uptake of radiolabelled substrates into intact, isolated chloroplasts by the silicon-oil layer ®ltration centrifugation technique opened the way to a detailed characterization of the kinetic properties of a range of metabolite transporters in the chloroplast inner envelope membrane (Heldt, 2002; Heldt and Rapley, 1970) . These biochemical studies were instrumental for understanding the metabolite¯ux between plastid and cytosol. However, it was not until 1989 that the ®rst cDNA sequence of a plastid envelope membrane transporter became available (Flu Ègge et al., 1989) . The establishment of recombinant expression systems for these transporters and of methods for reconstituting recombinant metabolite transporters into arti®cial lipid vesicles allowed detailed in vitro studies of transporter properties (Loddenko Ètter et al., 1993) . Although the recently ®nished sequence of the Arabidopsis genome indicates the existence of some 150 putative metabolite transporters in the plastid envelope membrane (Ferro et al., 2002; Koo and Ohlrogge, 2002; Schwacke et al., 2003) , up to now only a small number of these transporters have been identi®ed at the molecular level (Table 1 ). For the majority of these proteins, their functions have been con®rmed by in vitro studies using reconstituted, recombinant proteins, or by complementation of yeast knockout mutants.
Although these studies provided a wealth of information on the biochemistry and molecular biology of plastid envelope membrane solute transporters, they were unable to resolve the in vivo role of these proteins. This only became possible after new methods emerged that allowed the modulation or the elimination of transporter activity in intact plants. For example, the antisense repression and the constitutive overexpression of TPT in transgenic tobacco plants enabled a comprehensive analysis of the control coef®cient that TPT exerts on photosynthetic carbon dioxide assimilation (Ha Èusler et al., 2000a, b) .
Several recent reviews have addressed the physiology, identi®cation, and functional characterization of metabolite transporters in the inner envelope plastid membrane (Fischer and Weber, 2002; Flu Ègge, 1998 Flu Ègge, , 1999 Flu Ègge et al., 2003; Neuhaus and Wagner, 2000; Weber and Flu Ègge, 2002) . This review focuses on recent results from knockdown and knockout studies of plastid envelope membrane solute transporters.
Common features of all inner plastid envelope membrane transporters
All characterized solute transporters of the inner plastid envelope membrane are nuclear-encoded polytopic membrane proteins. The precursor proteins are synthesized on cytosolic ribosomes and are post-translationally imported into the inner plastid envelope membrane. Although the exact pathway for membrane insertion and processing has not been solved yet, it is believed that the precursor proteins are processed to the mature forms by a stromal processing peptidase after or during insertion into the inner envelope membrane.
The plastidic phosphate translocator family
The plastidic phosphate translocator family consists of four members, namely TPT, PPT, GPT, and XPT. The cDNAs encoding these proteins have been expressed in yeast cells and the recombinant proteins have been reconstituted into liposomes so that their substrate speci®cities and kinetic parameters could be determined in vitro (Flu Ègge, 1999; Flu Ègge et al., 2003) . The plastidic phosphate translocator family is a subgroup of a larger, distantly related protein family of drug and sugar transporters of mostly unknown function that is found in plants, animals, and fungi (Fischer and Weber, 2002; Knappe et al., 2003a) . Until now, no related proteins have been detected in prokaryotes, raising the interesting question of the evolutionary origin of this protein family. In contrast to the originally proposed model that functional mature phosphate translocators consist of dimers of two subunits with six transmembrane helices segments each, newer results indicate that the subunits of the dimer possess seven to eight a-helical membrane-spanning segments (Knappe et al., 2003a) . Proteins of the individual subfamilies share 35±50% amino acids identity, whereas the members of the same subfamily from different plant species share 75±90% identical amino acids (Flu Ègge et al., 2003; Knappe et al., 2003a) .
The triose phosphate/phosphate translocator (TPT) The TPT exports the end-products of photosynthetic carbon dioxide assimilation, the triose phosphates glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone-3-phosphate (DAP), from the chloroplast stroma to the cytosol (Fig. 2) . Under physiological conditions, this transport occurs in strict counter-exchange with orthophosphate (P i ) or 3-phosphoglyceric acid (3-PGA). TPT transcripts are con®ned to photosynthetically active tissues in tobacco and Arabidopsis. In wild-type plants, triose phosphate export from the plastid to the cytosol by the TPT represents the principal pathway for the export of recently assimilated carbon dioxide and the predominant source of carbon skeletons for sucrose biosynthesis (Flu Ègge, 1999) .
Antisense repression of TPT in potato and tobacco: Given this important role in carbon allocation and partitioning, a reduction in TPT activity in intact plants was to be expected to result in a dramatic phenotype. This hypothesis was tested by antisense repression of TPT expression in transgenic potato plants (Riesmeier et al., 1993) . Surprisingly, a reduction of the TPT transcript to almost undetectable levels and a corresponding reduction in TPT protein and activity by more than 30% compared with the wild type did not lead to an apparent phenotype. However, a detailed analysis of starch and sucrose levels in these transgenic plants, throughout the photoperiod, revealed that the lack in TPT transport capacity was compensated by an increased allocation of recently assimilated carbon dioxide into the plastidic starch pool and a corresponding decrease in soluble sugars during the light period. During the following dark period, starch breakdown and sucrose export from leaves was increased compared with wild-type plants. Hence, the reduced TPT activity resulted in a change in carbon partitioning between the plastidic starch and cytosolic sucrose pools during the light period and increased export of reduced carbon from source to sink tissues during the night (Heineke et al., 1994) . Antisense-TPT tobacco plants follow a different strategy. In these plants, triose phosphate translocator activity was reduced by approximately 70% compared with the wild type (Ha Èusler et al., 1998) . Using pulse± chase studies and analysis of starch and soluble sugars throughout the photoperiod, it was demonstrated that tobacco plants, displaying reduced capacity for triose phosphate export from plastids, allocate more of the recently ®xed carbon dioxide into the starch pool. By contrast with antisense-TPT potato plants, in tobacco, the increased starch biosynthesis rate during the light period was accompanied by increased starch breakdown in the light, increased activity of starch degrading enzymes, an increase in glucose export capacity from chloroplasts, and by increased hexokinase activity (Ha Èusler et al., 1998) . Thus, recently assimilated carbon, instead of being exported to the cytosol in the form of triose phosphates, is shuttled through the transitory starch pool to form glucose (and most likely also maltose) that is exported from the plastid stroma to the cytosol by speci®c transporters, thereby bypassing the bottleneck generated by the reduction in TPT activity. A detailed control analysis demonstrated that TPT activity did not limit photosynthetic carbon dioxide assimilation under ambient conditions. However, maximal rates of carbon dioxide assimilation were severely reduced in antisense-TPT tobacco plants at saturating CO 2 and light conditions and increased in plants showing overexpression of TPT. This indicates that wild-type levels of TPT activity can limit CO 2 assimilation under saturating conditions (Ha Èusler et al., 2000a, b) .
A T-DNA insertion mutant for TPT: Recently Arabidopsis T-DNA insertion mutants in the TPT gene (tpt-1) became Fig. 2 . The triose phosphate/phosphate translocator TPT. The main function of TPT is the export of recently ®xed carbon in the form of triose phosphates (TP) from the chloroplast stroma to the cytosol. The transport occurs in strict counter-exchange with inorganic phosphate. The release of inorganic phosphate from TP during sucrose biosynthesis is thereby coupled to the export of TP. A reduction in cytosolic sucrose biosynthesis is thus communicated to the plastid stroma by a decrease in phosphate levels and a concomitant reduction of TP export. This decrease in stromal phosphate levels, together with an increase in 3-PGA levels, allosterically activates ADP-Glc pyrophosphorylase, thereby allocating recently ®xed carbon dioxide into starch biosynthesis.
available (Schneider et al., 2002) . Although TPT is a single-copy gene in the Arabidopsis genome, tpt-1 did not display an apparent phenotype under standard growth conditions. Similar to the transgenic tobacco plants described above, the lack in TPT activity in tpt-1 was compensated by an increased¯ux of recently assimilated carbon through the starch pool in the light. Inhibition of starch biosynthesis in tpt-1, by crossing it to a mutant in the large subunit of the plastidic ADP-glucose pyrophosphorylase (AGPase), led to a dramatic dwar®sh phenotype, thereby demonstrating that starch biosynthesis is the major salvage pathway for the compensation of a TPT knockout. Surprisingly, a genetic cross of tpt-1 to the starch excess mutant sex1 caused only a minor growth inhibition and a moderate phenotype. Sex1 is de®cient in the Arabidopsis homologue of the potato protein R1 (Yu et al., 2001 ), a starch±water dikinase that transfers phosphate groups from ATP to starch (Ritte et al., 2002) . It was demonstrated that R1 activity is required for the turnover of transitory starch in Arabidopsis and of transitory and storage starch in potato (Lorberth et al., 1998; Yu et al., 2001) . Interestingly, the abundance of a water-soluble polydextran was increased in the tpt-1/sex1 double-mutant, indicating the presence of a highly mobile maltodextrin pool that may serve as a temporary carbon store in the absence of starch turnover (Schneider et al., 2002) .
These examples nicely underline the plasticity of plant metabolism and, in addition, illustrate the co-ordination of plastidic starch biosynthesis with cytosolic sucrose biosynthesis by phosphate and 3-PGA levels in the plastid stroma. The results obtained with the transgenic tobacco plants and the Arabidopsis T-DNA insertion mutants clearly demonstrate that transitory starch can be simultaneously synthesized and degraded in the light. Moreover, these mutants and transgenic plants indicate that the export of triose phosphates from chloroplasts does not play a role during night-time export of reduced carbon resulting from the degradation of transitory starch. This is in agreement with the ®nding that a loss-of-function mutant in the cytosolic fructose 1,6-bisphosphatase was unable to synthesize sucrose from triose phosphates in the light period, but sucrose synthesis was detectable in the dark (Micallef et al., 1996a, b; Micallef and Sharkey, 1996) . Furthermore, the Arabidopsis TPT knockout mutant represents a valuable tool to study critical components of starch biosynthesis and turnover, because the knockout of non-redundant components in starch metabolism will lead to a dramatic phenotype in the TPT knockout background, as demonstrated by the AGPase/TPT double knockout.
The phosphoenolpyruvate/phosphate translocator (PPT) Recombinant, reconstituted PPT catalyses the strict counter-exchange of phosphoenolpyruvate (PEP) with P i or 2-PGA in vitro. Under physiological conditions, it is believed to operate as a PEP/P i -antiporter (Fischer et al., 1997) . Chloroplasts, unlike most non-green plastids, lack the activities of enolase and/or phosphoglyceromutase (Bagge and Larsson, 1986; Borchert et al., 1993; Van der Straeten et al., 1991) ; hence triose phosphates cannot be converted to PEP in the plastid stroma. Therefore PPT is required for the import of PEP into the plastid stroma of C 3 -plants where it serves as the precursor for the shikimate pathway and, in oil-storing seeds, potentially also as a source of both carbon and ATP for fatty acid biosynthesis (Fig. 3) . In cauli¯ower and maize, PPT transcripts were detected in green and non-green tissue, with steady-state transcript levels being highest in non-green tissues (Fischer et al., 1997) . The Arabidopsis genome encodes two PPTproteins, AtPPT1 and AtPPT2 (Knappe et al., 2003a) . These genes are differentially expressed throughout the plant: AtPPT1 is expressed in the vasculature of leaves and roots, with the highest expression in xylem parenchyma cells, but not in leaf mesophyll cells, whereas AtPPT2 is expressed ubiquitously in leaves, but not in roots (Knappe et al., 2003b) .
Chloroplasts of C 4 -type plants contain a very active PPT (Gross et al., 1990; Huber and Edwards, 1977; Rumpho et al., 1988) . By contrast with C 3 -type plants, where PEP is imported into plastids by PPT, the main function of PPT in C 4 mesophyll chloroplasts is the export of PEP from chloroplasts to the cytosol where it serves as a precursor for the formation of OAA from PEP and bicarbonate in a reaction catalysed by PEPC. Although a PPT from maize has been reported (Fischer et al., 1997) , its expression pattern (high in non-green tissues, low in leaves) argues against a function for this speci®c gene product in C 4 photosynthesis. Fig. 3 . The phosphoenolpyruvate/phosphate translocator PPT. In C 3 -plants, the main function of PPT is the import of PEP from the cytosol to the plastid stroma. By contrast with many non-green plastid types, chloroplasts lack the glycolytic sequence from TP to PEP. However, PEP is a precursor for biosynthetic pathways such as the shikimate pathway. Therefore, PEP import from the cytosol is required.
PPT knockout mutants: A knockout mutant in PPT1, cue1, displays a reticulate phenotype in which interveinal regions of the leaves are visibly pale, whereas paraveinal regions are green. This phenotype is accompanied by aberrantly shaped mesophyll cells containing abnormal chloroplasts, whereas bundle sheath cells and chloroplasts appear like the wild type (Streat®eld et al., 1999) . The phenotype was attributed to a reduced import of PEP into plastids, thus reducing of the supply of precursors to the shikimate pathway, and possibly to other metabolic pathways as well, such as isopentenyl biosynthesis. This idea was supported by the observation that the contents of and the¯ux into metabolites derived from the shikimate pathway, such as phenylpropanoids, were severely reduced in cue1 (Streat®eld et al., 1999; Voll et al., 2003) . Additional support for the hypothesis that the cue1 phenotype is caused by a lack of PEP in the plastid stroma came from the observation that constitutive overexpression of pyruvate:phosphate dikinase (PPDK) in the stroma of cue1 was able to abrogate the reticulate phenotype of mutant (Voll et al., 2003) . PPDK can generate PEP from pyruvate that can still be taken up from the cytosol, thereby bypassing the defective PPT1. This elegant approach also demonstrated that Arabidopsis mesophyll chloroplasts have a substantial capacity for pyruvate transport across the envelope membrane. However, the overexpression of PPDK did not alleviate all aspects of the cue1 phenotype, indicating that the phenotype cannot exclusively be attributed to a reduction in PEP transport capacity (Voll et al., 2003) .
A recent study surprisingly showed that PPT1 expression is con®ned to the paraveinal leaf regions in the wild type (Knappe et al., 2003b) . Thus, it is the region that appears normal in cue1 that speci®cally lacks the AtPPT1 gene product! A second PPT-gene (PPT2) is ubiquitously expressed in leaves, providing a basic constitutive transport capacity for PEP in the absence of PPT1 expression, as is the case in cue1. In contrast to AtPPT1, AtPPT2 expression is not detectable in roots. In the light of these results, is has been proposed that the vasculature-located AtPPT1 is involved in the generation of phenylpropanoid metabolism-derived signal molecules that trigger the development in interveinal leaf regions, and that this signal originates from the root vasculature where only AtPPT1 (but not AtPPT2) is expressed (Knappe et al., 2003b ).
The glucose 6-phosphate/phosphate translocator (GPT) The GPT has the broadest substrate speci®city among the members of the plastidic phosphate translocator family (Flu Ègge et al., 2003) . The puri®ed, reconstituted translocator protein is able to exchange radiolabelled P i for triose phosphates, glucose 6-phosphate (Glc 6-P), the pentose phosphates ribulose 5-phosphate (Ru-5-P), ribose-5-phosphate (Rib 5-P), and xylulose 5-phosphate (Xul 5-P), as well as PEP, 3-PGA, and erythrose 4-phosphate. However, considering the kinetic constants for these substrates, GPT in vivo most likely operates as a Glc 6-P/P i antiporter (Eicks et al., 2002; Flu Ègge et al., 2003; Kammerer et al., 1998) . The proposed function of GPT is the supply of non-green plastids with Glc 6-P as a precursor for starch biosynthesis and the oxidative pentose pathway (Fig. 4) . Glc 6-P is the sole precursor for starch biosynthesis in Arabidopsis, which was demonstrated by the fact that a mutation in the plastidic isozyme of phosphoglucomutase (conversion of Glu 6-P to Glu 1-P) leads to a starch-free phenotype. Hence, in Arabidopsis, there exists no pathway for the uptake of Glc 1-P into plastids (Caspar et al., 1985; Ko¯er et al., 2000) . A mutant in the plastidic isozyme of phosphoglucoisomerase (conversion of Fru 6-P to Glu 6-P) contains substantial amounts of starch in non-green tissues, whereas photosynthetically active tissues were found to be essentially starch-free (Yu et al., 2000) . This ®nding indicates that mesophyll chloroplasts do not have signi®cant Glc 6-P transport capacity that could bypass the interrupted link between the Calvin cycle and starch biosynthesis.
The Arabidopsis genome encodes two closely related GPT proteins (AtGPT1 and AtGPT2). No knockout mutants in either gene have been described in the literature, and preliminary evidence obtained in Flu Ègge's laboratory indicates that a knockout in AtGPT1 may be embryo lethal (A Schneider, personal communication).
The xylulose 5-phosphate/phosphate translocator XPT The most recent addition to the plastidic PT family is the xylulose 5-phosphate/phosphate translocator XPT. This Fig. 4 . The glucose 6-phosphate/phosphate translocator GPT. The main function of GPT is the import of Glc 6P from the cytosol into the plastid stroma where it serves as a precursor for starch biosynthesis and the oxidative pentose phosphate pathway (OPPP). Reducing equivalents derived from the OPPP are required for biosynthetic pathways such as ammonia assimilation and fatty acid biosynthesis.
protein was identi®ed by mining the Arabidopsis genome sequence for genes encoding proteins with similarities to other members of the PT family. It shares approximately 50% identical amino acids with AtGPT1 and AtGPT2 and about 35±40% amino acid sequence identity with other members of the PT family. A single copy gene encodes XPT in Arabidopsis (Eicks et al., 2002) . XPT steady-state transcript levels were found to be similar in all tested tissues such as¯owers, leaves, roots, and shoots. This is in contrast to the TPT that is exclusively expressed in photosynthetically active tissues. A detailed analysis using a promoter±GUS fusion demonstrated expression of the XPT gene in vegetative parts such as leaves of all developmental stages, roots, and particularly strong in root tips. GUS activity was restricted to sepals, ®laments, the upper part of the style, and the stigma in¯oral tissue, but no activity was observed in petals, young ovaries, and the anthers. Strong GUS activity was obtained in the pods and seeds of developed fruits, but no staining was evident during the early fruit development period (Eicks et al., 2002) .
Expression of the corresponding cDNA in yeast and reconstitution of the puri®ed, recombinant protein into liposomes demonstrated that XPT accepts triose phosphates, Xul 5-P, Ru 5-P, and Ery 4-P as counter-exchange substrates for inorganic phosphate. Rib 5-P and hexose phosphates are not transported. The low K i values for triose phosphates (0.4 mM) and Xul 5-P (0.8 mM) indicate that these compounds ef®ciently compete with P i for binding to XPT. Hence, under physiological conditions, XPT most likely transports triose phosphates, Xul 5-P, and inorganic phosphate, whereas the transport of PEP, 3-PGA, Ery 4-P, and Ru 5-P is unlikely, taking into account the rather high concentrations necessary to achieve this counter-exchange (Eicks et al., 2002) .
The proposed function of XPT is the anaplerotic supply of plastids with Xul 5-P under conditions where demand for Calvin cycle intermediates by metabolic pathways such as the shikimate pathway is high and withdrawal of Calvin cycle intermediates such as Ery 4-P would deplete carbon skeletons required for sustained regeneration of Ru 1,5-bP (Eicks et al., 2002) . However, a closer look at the stoichiometry of the Calvin cycle throws some doubt on this proposal. Assuming a constant rate of carbon dioxide assimilation and Ery 4-P production by transketolase, a withdrawal of Ery 4-P for the entry reaction of the shikimate pathway would disturb the stoichiometry by which Ery 4-P can be used for the generation of sedoheptulose 1,7-bisphosphate by transaldolase. This disequilibrium would result in a relative increase in the Xul 5-P production rather than a demand for Xul 5-P. Since transketolase is con®ned to the stroma in Arabidopsis (Eicks et al., 2002) , Ery 4-P cannot be produced in the cytosol and, consequently, a role of XPT in the import of Ery 4-P into chloroplasts can be ruled out.
An alternative hypothesis is proposed, that XPT is involved in supplying the plastidic oxidative pentose phosphate pathway (OPPP) with carbon precursors. This hypothesis is based on two observations: (i) Glc 6-P cannot be taken up into chloroplasts because chloroplasts do not possess a GPT (see above), and (ii) phosphorolytic degradation of transitory starch (as an alternative source for the generation of hexose-phosphates in the plastid stroma) does not occur at signi®cant rates (Smith et al., 2003) . Hence, an alternative pathway for feeding the plastidic OPPP would be required (Fig. 5) : One molecule of Xul 5-P would be imported into the plastid stroma in counter-exchange with one molecule of P i . Together with ®ve molecules of pentose phosphates, Xul 5-P would enter the non-oxidative branch of the OPPP, giving rise to four molecules of Fru 6-P and two molecules of triose phosphate. The two molecules of triose phosphates would be converted to one molecule of Fru 6-P and one molecule of P i by the combined action of aldolase and FbPase. The resulting ®ve molecules of Fru 6-P are converted into Glc 6-P by phosphoglucose isomerase, giving rise to ®ve molecules of Glc 6-P. These would enter the oxidative branch of the OPPP, yielding ®ve molecules of CO 2 , ®ve molecules of NADPH, and ®ve molecules of pentose-phosphates. The P i generated by the FBPase reaction can be exchanged for an additional Xul 5-P, leading into another round of the cycle. The low af®nity of XPT for Rib 5-P and Ru 5-P avoids the counter-productive Fig. 5 . The xylulose 5-phosphate/phosphate translocator XPT. The main function of XPT is the import of Xul 5-P from the cytosol into the plastid stroma. Xul 5-P is imported into the stroma in counterexchange with P i . Together with ®ve molecules of pentose phosphates, Xul 5-P enters the non-oxidative branch of the OPPP, giving rise to four molecules of Fru 6-P and two molecules of triose phosphate. The two molecules of triose phosphates are converted to one molecule of Fru 6-P and one molecule of P i by the combined action of aldolase and FbPase. The resulting ®ve molecules of Fru 6-P are converted into Glc 6-P by phosphoglucose isomerase, giving rise to ®ve molecules of Glc 6-P. These enter the oxidative branch of the OPPP, yielding ®ve molecules of CO 2 , ®ve molecules of NADPH and ®ve molecules of pentose-phosphates. The P i generated by the FBPase reaction can be exchanged for Xul 5-P, leading into another round of the cycle. For the sake of clarity, pathways have been simpli®ed. exchange of pentose phosphates with each other, thus providing an ef®cient pathway for Xul 5-P import.
Although this model provides an attractive hypothesis for the role of XPT in plastid types that lack GPT activity, it may not adequately re¯ect the situation in non-green tissues because GPT provides a direct pathway for Glc 6-P import in these tissues. As proposed previously (Eicks et al., 2002) an additional role of XPT may be the transport of peroxisome-derived pentose phosphates (resulting from peroxisomal G6PDH activity that is required for the peroxisomal ascorbate±glutathione cycle) into plastids.
Neither knockout mutants nor antisense plants for XPT have been reported to date. Preliminary evidence obtained in Flu Ègge's group indicates that an XPT T-DNA insertion mutant does not display an obvious phenotype (M Eicks, personal communication). This may be due to the partially redundant function of GPT that also accepts pentose phosphates as substrates, in which case double knockouts may be required to gain further insight into the physiological role of this transporter. In addition, XPT function may become limiting only under speci®c metabolic conditions, therefore further studies will be required to analyse the effects of a XPT knockout under a broad range of growth conditions.
Plastidic dicarboxylate translocators (DiTs)
In leaves of most C 3 -type angiosperm plant species, ammonia is predominantly assimilated by the plastidlocalized GS/GOGAT cycle (Hirel and Lea, 2001 ). This pathway assimilates ammonia resulting from nitrate/nitrite reduction; however, in leaves, about 90% of its capacity is taken up by reassimilation of ammonia that is released from the photorespiratory carbon cycle (Hirel and Lea, 2001) . The essential role of the GS/GOGAT-system for the reassimilation of ammonia resulting from the photorespiratory pathway was established by the conditional lethal phenotype (viable at high CO 2 , conditions that suppress photorespiration) of mutants defective in Fd-GOGAT Somerville and Ogren, 1980) or GS2 (Blackwell et al., 1987) .
2-Oxoglutarate (2-OG), the precursor for primary ammonia assimilation is synthesized in the cytosol and/ or in the mitochondria (Hodges, 2002; Lancien et al., 2000) . In addition, 2-OG that is generated in peroxisomes by the photorespiratory pathway needs to be shuttled back to plastids. Hence, plastids depend on transporters (dicarboxylate transporters) that import 2-oxoglutarate into plastids and that export the product of ammonia assimilation, glutamate, to the cytosol (Fig. 6A) . This transport process is achieved by a pair of malate-coupled metabolite transporters that work in concert: the 2-oxoglutarate/malate translocator (DiT1) imports 2-oxoglutarate into the plastid in counter-exchange with the export of malate; the glutamate/malate translocator (DiT2) exports glutamate to the cytosol, in counter-exchange with the import of malate. Hence, the import of 2-oxoglutarate and export of glutamate occurs without net malate transport (Fig. 6B ). This two-translocator model was developed based on kinetic studies of 2-oxoglutarate, malate, and glutamate uptake into isolated plastids (Flu Ègge et al., 1988; Woo et al., 1987; Yu and Woo, 1992a, b) . Both, DiT1 and DiT2 have recently been identi®ed at the molecular level (Renne Â et al., 2003; Taniguchi et al., 2002; Weber et al., 1995) .
Plastidic dicarboxylate transporters are hydrophobic polytopic membrane proteins that most likely operate as monomers containing 12 transmembrane a-helical segments. In this respect, they differ from mitochondrial dicarboxylate transporters that are composed of two identical subunits with six transmembrane helices each (Laloi, 1999; Walker and Runswick, 1993) . Although functionally very similar to mitochondrial dicarboxylate transporters, plastidic dicarboxylate transporters are not related to mitochondrial transporters at the DNA or amino acid sequence level, but they are closely related to a family of eubacterial di-and tricarboxylate transporters (Weber and Flu Ègge, 2002) . The phylogenetic relationships of plastidic dicarboxylate translocators and the two-and three-translocators models for the transport of dicarboxylic acids and glutamate in plastids have recently been reviewed (Weber and Flu Ègge, 2002) . Therefore the following discussion concentrates on recent ®ndings obtained with knockout mutants in DiT1 and DiT2.
The 2-oxoglutarate/malate translocator DiT1
The main function of DiT1 in C 3 -type plants is the import of 2-oxoglutarate from the cytosol into the plastid stroma where it serves as the carbon backbone for ammonia assimilation by the GS/GOGAT system. The speci®city of DiT1 for 2-oxoglutarate was con®rmed by the functional reconstitution of yeast-expressed, recombinant DiT1 from spinach and Arabidopsis (Taniguchi et al., 2002; Weber et al., 1995) . DiT1 accepts the dicarboxylates 2-OG, fumarate, succinate, and malate, but not the amino acids glutamate, aspartate, or glutamine as substrates (Taniguchi et al., 2002; Weber et al., 1995) .
Surprisingly, a recent study found that recombinant, reconstituted DiT1 from Arabidopsis also has the function of an oxaloacetate/malate transporter (Taniguchi et al., 2002) . Similar results were obtained with the corresponding protein from spinach (Renne Â et al., 2003) . Oxaloacetate uptake into chloroplasts was ®rst reported by Heldt (Heldt and Rapley, 1970 ) and a speci®c oxaloacetate/malate translocator was previously characterized in isolated, intact chloroplasts from spinach and maize (Hatch et al., 1984) . The function of the oxaloacetate/ malate shuttle in C 3 -plants is the export of reducing equivalents from the plastid to the cytosol (Heineke et al., 1991) . In C 4 -plants such as maize, the oxaloacetate¯ux Mutant analysis of plastid transporters 7 of 14 into mesophyll cell plastids occurs at the rate of CO 2 assimilation: oxalocetate (OAA) is formed by carboxylation of PEP by PEPC in the cytosol of mesophyll cells, OAA is then transported into mesophyll cell chloroplasts, reduced to malate by NADP + -MDH, and malate is subsequently exported to the cytosol of mesophyll cells to be delivered to bundle sheath cell chloroplasts where it is oxidatively decarboxylated by malic enzyme to pyruvate and CO 2 . The oxaloacetate/malate transporter has not been previously identi®ed at the DNA or protein levels; therefore, the ®nding that DiT1 is able to transport OAA in vitro is particularly interesting. However, the kinetic constants of the recombinant, reconstituted translocator protein, in particular, the strong inhibition of oxaloacetate The plastidic 2-oxoglutarate/malate translocator (DiT1) and the glutamate/malate translocator (DiT2). The function of DiT1 is the import of 2-oxoglutarate from the cytosol into the plastid where it serves as a precursor for ammonia assimilation by GS/GOGAT. The endproduct of ammonia assimilation, glutamate, is exported to the cytosol by DiT2. (B) The two-translocator model for the transport of dicarboxylic acids and glutamate. DiT1 and DiT2 are coupled by the common counter-exchange substrate malate. Although DiT2 is able to transport 2-OG in vitro, this is unlikely in vivo because transport of 2-OG by DiT2 is strongly inhibited by glutamate. Glutamate, however, does not signi®cantly inhibit 2-OG transport by DiT1; therefore the import of 2-OG into plastids can proceed in the presence of high cytosolic concentrations of glutamate. A direct exchange of 2-OG for glutamate by DiT2 is feasible only under conditions where cytosolic glutamate and malate would drop to very low levels.
transport by malate, do not accurately concord with those obtained previously for the high af®nity oxaloacetate/ malate transporter of isolated spinach and maize chloroplasts (Hatch et al., 1984; Renne Â et al., 2003) . Further studies will be required to clarify a possible function of DiT1 as the plastidic oxaloacetate/malate transporter.
Knockout mutants and antisense plants for DiT1: Two independent T-DNA insertion mutants for DiT1 have been isolated in Taniguchi's laboratory and the absence of DiT1 transcripts in both mutants has been demonstrated (Taniguchi et al., 2002) . In this initial study the knockout did not reveal any apparent phenotype. However, an additional T-DNA insertion allele has been isolated in the authors' laboratory, that, when grown at ambient conditions, shows signi®cantly reduced growth compared with the wild type (J Schneidereit, APM Weber, unpublished results) . Further studies of all mutant alleles will be required before a de®nite phenotype of a DiT1 gene knockout can be established.
Transgenic tobacco plants have also been generated showing antisense repression of DiT1 (J Schneidereit et al., unpublished results). These plants are characterized by bleached regions along the vasculature. In intermediate phenotypes, the interveinal regions remain green whereas in strong phenotypes, leaves are yellowish and partially deformed, plants show stunted growth caused by massively reduced internode length, and¯owering is delayed by several weeks. The transgenic plants accumulate intermediates of the TCA cycle, 2-OG, ammonia, and glutamine, whereas the levels of glutamate and glutamatederived amino acids such as proline are dramatically reduced. By contrast with the wild type, feeding of 2-OG to detached leaves did not stimulate the production of glutamate or decrease the glutamine contents in the transgenic plants, indicating a block between 2-OG and the formation of glutamate from glutamine and 2-OG by Fd-GOGAT. This ®nding clearly supports a role of DiT1 in supplying plastids with 2-OG as precursor for ammonia assimilation by GS/GOGAT.
The glutamate/malate translocator DiT2
According to the two-translocator model, the function of DiT2 is the export of glutamate from plastids to the cytosol (Flu Ègge et al., 1988; Woo et al., 1987) . Genes encoding the DiT2 proteins from spinach, tobacco, Flaveria trinervia, sorghum, and Arabidopsis have recently been identi®ed (Renne Â et al., 2003; Taniguchi et al., 2002; Weber and Flu Ègge, 2002) . The Arabidopsis genome encodes two closely related DiT2 genes, DiT2.1 and DiT2.2. DiT2 from spinach, Flaveria, and DiT2.1 from Arabidopsis have been expressed in yeast cells and the substrate speci®city of the recombinant DiT2 proteins was tested. The function of DiT2 as a general dicarboxylate translocator with speci®city for 2-OG, glutamate, aspartate, fumarate, and succinate, but not citrate or glutamine was demonstrated (Renne Â et al., 2003; Taniguchi et al., 2002) .
Knockout mutants for DiT2: An EMS generated Arabidopsis mutant showing a de®ciency in plastidic dicarboxylate transport (dct) was isolated in a screen for photorespiratory mutants in the early 1980s (Somerville and Ogren, 1983) . This mutant requires elevated CO 2 levels for growth and it lacks a protein with an apparent molecular mass of 45 kDa in its chloroplast envelope membrane . A barley mutant de®cient in plastidic dicarboxylate transport and showing a similar photorespiratory phenotype was described in the following year . Based on the two-translocator model, either DiT1 or DiT2 may cause this phenotype because these two translocators work in concert. To identify the defective gene in dct, all three DiT-related genes were sequenced in dct and a single basepair exchange was found in DiT2.1, leading to the replacement of a small, uncharged glycine residue by a negatively charged glutamate residue. Transformation of dct with the corresponding cDNA from spinach cured the photorespiratory phenotype, thus unequivocally demonstrating that dct is de®cient in DiT2.1 gene function (Renne Â et al., 2003) . Additional T-DNA insertion alleles for DiT2.1 have been isolated in Taniguchi's group and these alleles also display a photorespiratory phenotype (Taniguchi et al., 2002) . Hence, DiT2.1 is absolutely required for the operation of the photorespiratory carbon cycle. The second DiT2-related gene in the Arabidopsis genome, DiT2.2, is obviously not able to compensate for a de®ciency in DiT2.1 function. Several T-DNA insertion mutants for DiT2.2 have been isolated. None of the mutant alleles displays an apparent phenotype (J Schneidereit, APM Weber, unpublished results). Taniguchi's group assayed the function of recombinant, reconstituted DiT2.2, but no transport activity for di-and tricarboxylic acids and glutamate was detectable (Taniguchi et al., 2002) . Hence, the function of DiT2.2 in Arabidopsis remains unclear.
The plastidic adenylate transporter (AATP)
The adenine nucleotide translocator was the ®rst plastidic metabolite translocator to be studied (Heldt, 1969) . Twenty-eight years later, the corresponding cDNA was identi®ed in Neuhaus' group (Kampfenkel et al., 1995; Neuhaus et al., 1997) . In non-photosynthetic plastids (and chloroplasts during the dark) this protein is crucial for the provision of ATP from the cytosol that is required to drive biosynthetic reactions such as protein, RNA, starch, and fatty acid biosynthesis.
By contrast with mitochondrial adenine nucleotide translocators that consist of two identical subunits containing six transmembrane domains each (Laloi, 1999; Walker and Runswick, 1993) , the mature plastidic AATP is most probably active as a monomer composed of 12 a-helical transmembrane domains. The primary structure of plastidic AATPs is not related to that of mitochondrial adenine nucleotide transporters. However, several closely related proteins have been identi®ed in a number of bacteria, all of them being obligate intracellular species, Together, the bacterial and the plastidic proteins constitute a distinct family of non-mitochondrial nucleotide transporters (Winkler and Neuhaus, 1999) . The highly interesting phylogenetic relationships between these proteins have recently been addressed in two publications (Amiri et al., 2003; Linka et al., 2003) .
Antisense repression and overexpression of AATP in potato: The Arabidopsis genome encodes two AATPs . Knockout mutants in Arabidopsis have hitherto not been reported, but transgenic potato plants showing antisense repression of the endogenous AATP and constitutive overexpression of AtAATP1 have been analysed in detail (Geigenberger et al., 2001; Tjaden et al., 1998) . The antisense lines showed a massive decrease in tuber size and tuber morphology was severely altered to structures resembling ginger root. Not only was the total amount of tuber starch reduced, but its composition was also affected. Starch from antisense plants exhibited a signi®cantly reduced amylose to amylopectin ratio. By contrast, transgenic potato plants overexpressing AtAATP1 showed a marked increase in starch content and the amylose to amylopectin ratio was higher than in the wild type . Further analysis showed that tubers from antisense plants contained increased free sugar, UDP-Glc, and hexose phosphates levels, whereas PEP, isocitrate, adenine and uridine nucleotides, and inorganic pyrophosphate levels were slightly decreased. By contrast, adenine and uridine nucleotides, and inorganic pyrophosphate levels were elevated in tubers from sense plants, whereas soluble sugars remained unaltered. The ADP-Glc content was reduced by 50% in antisense tubers, whereas its content was increased up to 2-fold in sense tubers. These results suggested a close interaction between plastidial adenylate transport and starch biosynthesis, implying that ADP-Glc pyrophosphorylase is ATP-limited in vivo (Geigenberger et al., 2001) .
The reduction of starch contents in AATP antisense potato plants is accompanied by decreased susceptibility to pathogens such as Erwinia carotovora, Phytophthora infestans, and Alternaria solani. This increased pathogen resistance could not be attributed to the elevated glucose contents of the transgenic plants and grafting experiments demonstrated the presence of a signal that is generated in AATP1 rootstocks and that primes wild-type scions for potentiated activation of cellular defence responses in leaves (Conrath et al., 2003) .
The studies with these transgenic plants indicate that AATP represents an interesting target for the genetic engineering of starch-storing organs such as potato tubers and, similar to the PPT knockout mutant cue1 and the DiT2 knockout mutant dct, they demonstrate that the activity of transporters in the plastid envelope membrane can limit biosynthetic pathways in the plastid stroma that depend on precursor supply from the cytosol.
The chloroplast phosphate transporter PHT2;1
The phosphate transporter PHT2;1 shares similarity with Na + /P i transporters from mammals and fungi and with H + / P i transporters from bacteria. This protein was originally described (Daram et al., 1999) as a low af®nity phosphate transporter of the plasma membrane of Arabidopsis. Compared with related proteins from other kingdoms, PHT2;1 carries a long N-terminal extension of approximately 100 amino acids. It was hypothesized that this extension may have a regulatory function (Daram et al., 1999) . A later study, however, demonstrated that a PHT2;1-GFP fusion was targeted to chloroplasts when transiently expressed in Arabidopsis plants and that the N-terminal extension of PHT2;1 has the characteristics of a plastid targeting signal (Versaw and Harrison, 2002) . In yeast, the GFP-fusion protein was targeted to mitochondria. If, however, the ®rst 71 amino acids of PHT2;1, representing the putative plastid targeting signal, were deleted and the truncated protein was fused to GFP, the chimeric protein was targeted in yeast cells to the plasma membrane and to structures associated with the ER. The truncated PHT2;1 protein was able to reconstitute the growth of a phosphate-uptake de®cient yeast mutant, thereby demonstrating that PHT2;1 has the function of a phosphate transporter (Versaw and Harrison, 2002) .
PHT2;1 transcripts could be detected in leaves but not in roots, and steady-state transcript levels increased upon transition from dark to light and upon resupply of phosphate to phosphate-depleted plants (Versaw and Harrison, 2002) . A PHT2;1 knockout mutant: A PHT2;1 null-mutant (pht2;1-1) has been isolated from a T-DNA insertion mutagenized Arabidopsis population (Versaw and Harrison, 2002) . Pht2;1-1 displays reduced growth compared with the wild type and the leaf phosphate content is reduced by >20% at high-phosphate growth conditions. At limiting phosphate conditions, the total phosphate content of pht2;1-1 was similar to wild type plants; however, the phosphate content of roots was massively reduced, whereas the shoot phosphate levels were markedly increased. This ®nding indicates that pht2;1-1 affects phosphate allocation at the whole plant level. Moreover, by contrast with the wild type, a redistribution of phosphate from older leaves to younger leaves under conditions of Pi de®ciency was not observed in pht2;1-1, underlining the role of PHT2;1 in the allocation and partitioning of phosphate at the whole plant level (Versaw and Harrison, 2002) . It would be most interesting to study the partitioning of phosphate between plastids and cytoplasm in pht2;1-1 since it is very likely that a de®ciency in PHT2;1 will lead to marked changes in subcellular phosphate pools in leaves.
The predominant expression of PHT2;1 in leaves argues against a signi®cant role in starch biosynthesis in nongreen tissues. Starch biosynthesis in most non-green tissues (with the exception of some cereal endosperm tissues (Denyer et al., 1996) ) is fuelled by the import of Glc 6-P and ATP from the cytosol. ATP is stoichometrically exchanged for ADP, consequently, each imported and hydrolysed ATP also leads to the net import of one phosphate. Hence, phosphate would accumulate during starch biosynthesis if no mechanism exists for the unidirectional export of phosphate from plastids. Unidirectional transport of phosphate has been reported for isolated cauli¯ower bud plastids (Neuhaus and Maass, 1996) , however, a gene encoding this transporter has not yet been identi®ed. The Arabidopsis genome encodes several transporters with similarity to mammalian type I Na + /P i phosphate transporters, some of which carry N-terminal extensions that have features of plastid targeting signals (Versaw and Harrison, 2002) . It is tempting to speculate that one of these putative phosphate transporters may have the function of a plastidic phosphate exporter in non-photosynthetic cells.
Concluding remarks
Several additional genes encoding plastidic transporters, such as a putative glucose transporter , a sulphate transporter (Takahashi et al., 1999) , a putative nitrite transporter (Rexach et al., 2000) , an ADP-Glc transporter (Cao et al., 1995; Shannon et al., 1998; Sullivan and Kaneko, 1995) , and others have been described in recent years. The identity of the vast majority of transporters, however, remains unknown. For example, transporters for amino acids, pyruvate, intermediates of the photorespiratory pathway such as glycolate and glycerate, metals, and many other substances are required. Systematic approaches, such as mining of plant genomes sequences for putative plastidic transporters (Koo and Ohlrogge, 2002; Schwacke et al., 2003) , phenotypic analysis of corresponding knockout mutants, and functional analysis of recombinant candidate proteins will certainly lead to the discovery of novel transporters.
